The nonpoint source pollution problem can be controlled by implementing various best management practices (BMPs) in the watershed. However, before such practices are adopted, their effectiveness at various spatial and temporal scales must be evaluated. The objective of this research was to evaluate a suite of BMPs in a pasture-dominated watershed in their effectiveness at controlling nutrient losses. A total of 171 different BMP combinations incorporating grazing and pasture management, riparian and buffer zones, and poultry litter applications were evaluated for their effectiveness using the Soil and Water Assessment Tool (SWAT) model. The SWAT model was parameterized using detailed farm and watershed-scale data. The stochasticity in weather was captured by generating 250 various possible weather realizations for a 25-year period, using measured historical climate data for the watershed. Model results indicated that losses of both total nitrogen, mineral phosphorus, and total phosphorus increased with an increase in litter application rates. For the same application rates, greatest losses were predicted for fall application timings compared to spring and summer applications. Overgrazing resulted in greater nutrient losses compared to baseline conditions for all application rates, timings, and litter characteristics, indicating that overgrazing of pasture areas must be avoided if any improvement in the water quality is to be expected. Variability in weather conditions significantly affected BMP performance; under certain weather conditions, an increase in pollutant losses can be greater than reductions due to BMPs implemented in the watershed. Buffer strips and grazing management were two most important BMPs affecting the losses of total nitrogen and total phosphorus from the pasture areas.
The impact of agricultural practices on water quality has received considerable attention during the last two decades, with a number of studies indicating agricultural chemicals to be one of the main sources of nonpoint source pollution (NPS) (Gilley and Risse 2000; Harmel et al. 2004; Yu et al. 2004 ). Intensive agricultural practices are identified to release significant amounts of nutrients, especially nitrogen (N) and phosphorus (P), fecal bacteria, and sediment to receiving water bodies (Gillingham and Thorrold 2000; Monaghan et al. 2005) . For example, excess application of animal manure and inorganic fertilizers has been shown to increase nitrate nitrogen concentration in groundwater (Burkart and Stoner 2002; Babiker et al. 2004) , and excessive usage of poultry litter is linked to higher P concentration in runoff (Edwards and Daniel 1992; USEPA 2000) . In addition, sediment loss from top soil containing relatively large amounts of nutrients can threaten water quality and decrease the productive capacity of the land (USEPA 2003) .
Adverse impacts of agricultural production on surface water and groundwater can be minimized by implementing best management practices (BMPs) (USEPA 2001) . Best management practices can be selected to reduce pollutants generated from nonpoint sources by reducing pollutants at the source, retarding pollutant transport, or treating the impacted water bodies. Management practices can be structural (e.g., buffer zone, waste treatment lagoons, wetlands, grassed waterways, etc.) or nonstructural (e.g., nutrient management, grazing management, etc.) and are commonly used in combinations based on site-specific constraints to achieve the overall agricultural production and water quality improvement goals (USEPA 2003) . Even though various BMPs have been shown to reduce losses of NPS pollutants and improve water quality at the scale of implementation, i.e., field/farm scales, their effectiveness in improving water quality at watershed scale is not clear. Some BMPs may be effective in controlling one pollutant while, at the same time, may adversely affect the losses of other pollutants (Gitau et al. 2005; Merriman et al. 2009 ). Very little information is currently available demonstrating if a suite of BMPs, when implemented simultaneously, work synergistically or whether some BMPs cancel the NPS pollution reduction benefits of others.
The success of NPS control is affected by the degree of hydrologic relationships between nonpoint source, receiving water, biogeochemical processes, and other factors (e.g., weather, watershed geomorphologic characteristics, choice of BMPs, placement and maintenance of BMPs) (Chambers et al. 2006) . Often, watershed models are used to evaluate BMP performance in reducing nonpoint source pollution from agricultural watersheds and for making watershed management recommendations. The watershed models can be used to make watershed response predictions in two modes based on the time scale of interest: hindcast: to retrospectively evaluate how much water quality would have been improved if certain suites of BMPs were implemented; and futurecast: to evaluate various watershed management options based on current conditions to develop watershed management plans. One of the limitations of the model applications in a futurecast mode is that certain assumptions about the future weather conditions are required. Many studies have indicated that water quality can be affected by weather. For example, increasing temperature in winter was related to increasing sediment and nutrient losses due to greater runoff (Bouraoui et al. 2004) , and precipitation was shown to affect the nutrient losses (Chambers et al. 2006) . Considering uncertainty in future weather conditions can help set realistic expectations for BMP performance in improving water quality (SWCS 2006; Garbretch et al. 2006; Garbretch 2008) .
The objectives of this research were to (1) evaluate the effectiveness of various structural and nonstructural BMPs in improving water quality at the watershed scale, (2) quantify interactions among BMPs in reducing pollutants of concern, and (3) evaluate impacts of uncertainty in weather conditions on water quality improvement in a pasture-dominated watershed. This study is a part of the Conservation Effects Assessment Project (CEAP) to evaluate watershed-scale performance of agricultural BMPs at improving water quality. A total of 171 BMP scenarios consisting of three different grazing management options (no grazing, optimum grazing, and overgrazing), three different filter strips (0, 15, and 30 m [0, 49.2, and 98.4 ft] ) and 19 different nutrient management options were evaluated.
Materials and Methods
Study Area. This study was conducted in the Lincoln Lake CEAP watershed, a 32 km 2 (7,907 ac) agricultural watershed within the Illinois River Basin located in northwest Arkansas and eastern Oklahoma (figure 1). To improve the water quality in the Illinois River, the Oklahoma Water Resources Board has implemented a total phosphorus concentration limit of 0.037 mg L -1 at the Oklahoma/Arkansas state boundary (OWRB 2010) . The measured total phosphorus (TP) concentration at the Illinois River near the Arkansas-Oklahoma border was about 0.4 mg L -1 (Green and Haggard 2001) . Moores Creek and Beatty Branch are the two major tributaries in the Lincoln Lake watershed, representing 21 and 11 km 2 (5,189 and 2,718 ac) of the watershed area, respectively. The watershed has a mixed land use with pasture, forest, urban residential, urban commercial, and water representing 35.8%, 48.6%, 11.9%, 1.5%, and 2.2% of the watershed area, respectively (figure 1). The pasture land-use area has decreased from 43% to 36%, primarily due to increasing urbanization in the watershed since 1994 (Gitau et al. 2010) . Pasture fields in the watershed have numerous poultry, beef, and dairy cattle production facilities. Excessive litter and manure application for perennial forage grass production in the watershed have been shown to increase surface and groundwater pollution due to increasing losses of sediment, nutrients, and pathogens . Since 1994, BMPs implemented in the watershed have increased from 1% to 34% of the watershed area, representing 53% of total pasture areas in the watershed in 2004.
Flow and water quality monitoring have been performed at various sites in the watershed since 1991, funded by the Arkansas Soil and Water Conservation Commission (now Arkansas Natural Resources Commission) and the US Environmental Protection Agency (USEPA) through various projects in the watershed. Location of stream flow and water quality monitoring along with the time frame for various data collected in the watershed are described by Gitau et al. (2010) . At all the sites, stream flow was monitored continuously using a pressure transducer to measure flow depth and depth-discharge relationships at each site. Water quality data for sediment, N, and P were collected separately during storm and base flow conditions. Flow-weighted composite samples were collected during each storm event using an autosampler. Water quality during base flow conditions was quantified by collecting grab samples every two weeks. All water samples were analyzed using standard methods of analyses. Details of flow and water quality monitoring are provided by Vendrell et al. (1997; 2001) and Nelson et al. (n.d.) .
Soil and Water Assessment Tool Model Description and Input Data Preparation.
The Soil and Water Assessment Tool (SWAT) model was used to evaluate the impacts of various BMPs on water quality improvement in the watershed. The model can predict long-term impacts of land management on water, sediment, and agricultural chemi- Figure 1 cal yields at different scales in a complex watershed (Arnold et al. 1998) . The major components of the SWAT model are climate, hydrologic cycle, sediment, nutrients, pesticide, bacteria, plants, and management. The SWAT model has been widely used to quantify the water quality impacts of various management decisions at various spatial scales, ranging from field and farm level Gollamudi et al. 2007; Maski et al. 2008; Srivastava et al. 2007 ) to large watersheds (Green et al. 2006; Quansah et al. 2008; White and Chaubey 2005) and at various temporal scales, ranging from daily to several decades (Heathman et al. 2009; Renschler and Lee 2005) . More than 250 peer-reviewed journal articles have been published demonstrating the SWAT applications on sensitivity analyses, model calibration, hydrologic analyses, pollutant load assessment, and climate change impacts on hydrology and pollutant losses (Gassman et al. 2007 ). The SWAT model is currently being applied in many of the USDA CEAP watersheds to evaluate the watershed response under various BMP implementation conditions (Harmel et al. 2008; Heathman et al. 2008) .
The major geographic information system input files for the SWAT model were the digital elevation model at 30 m (98.4 ft) resolution (USGS 2004) , land use and land cover at 28.5 m (93.5 ft) resolution (CAST 2004) , and SSURGO soil data. Based on the digital elevation model and specification of streams and inlet/outlet, the SWAT ArcView Interface was used to delineate the watershed into 72 subbasins. Based on the land use and soil data, the watershed was partitioned into homogeneous units (hydrologic response units [HRUs] ) by setting threshold percentages of dominant land use and soil type (Neitsch et al. 2002) . We had detailed farm/ field management data for the watershed, including litter and nutrient management, grazing management, and locations of BMPs since 1992. In order to capture this detailed information in the SWAT model parameterization, HRUs were defined using a 0%/0% threshold value for land use and soil. It should be noted that is the most detailed representation of HRUs in the SWAT model as the 0%/0% threshold value does not lump any land use or soil type into another category. This resulted in a total number of 1,465 HRUs in the watershed.
The land management practices, including amount of litter and fertilizer application, timing of manure and fertilizer application, grazing intensity, and dates were obtained from a detailed review of historical nutrient management plans and interviews with 63 out of 75 farmers in the watershed since 2006 (Pennington et al. 2008) . Daily precipitation and maximum and minimum temperatures were obtained from Fayetteville Weather Station located approximately 25 km (15.5 mi) from the watershed. Other weather variables needed by the model (solar radiation, wind speed, and relative humidity) were estimated using the weather generator built into the SWAT model.
The SWAT outputs of interest in this study were stream flow, sediment, total N, soluble P, and TP losses at HRU, subbasin, and watershed outlets at monthly and annual time steps. Model simulated and measured values of stream flow, sediment, total N, mineral P, and TP values were compared to validate the ability of the SWAT model to accurately simulate catchment responses. The preparation of the detailed input dataset was most time consuming but was central to the modeling BMP performance in the watershed. The SWAT model for this study was not calibrated for two reasons: the SWAT model is developed to be used in ungauged basins (Arnold et al. 1998 ) and a complex model, such as SWAT, can result in equifinality of parameters, which give equally good calibration objective function for more than one combination of parameters. However, it may not be known which of the parameter combinations is a true representation of the watershed characteristics. When such models are used for evaluating impacts of BMPs by further changing model parameters that correspond to the BMP under consideration, the parameter values to be changed may be drastically different from the actual watershed conditions. This may lead to unrealistic BMP effectiveness predictions. It should be noted that model inputs were based on detailed inventory of soils, land use, and land management practices in the watershed, including nutrient management plans for every field, manure and fertilizer application rates, and grazing practices in the watershed from detailed interviews of farmers (Pennington et al. 2008 ). Thus we felt that the input data collected represented the actual watershed conditions very closely, and there was, therefore, no need for detailed model calibration. The SWAT predictions for 2004 were used as baseline to quantify the changes in water quality from various BMP combinations shown in table 1. A similar approach has been taken by other researchers to evaluate the impact of model inputs on parameter and output uncertainty (Chaubey et al. 1999a (Chaubey et al. , 1999b .
Best Management Practice Scenarios. The watershed BMPs considered in this study were grouped into three categories: grazing and pasture management, riparian and buffer zones, and nutrient management. These scenarios were based on detailed interactions with the watershed stakeholders and the history of past BMPs implemented in the watershed.
Three grazing intensities including no grazing, optimum grazing, and overgrazing were considered. Based on detailed discussions with the county extension experts, the minimum plant biomass for grazing to occur was set at 2,700 and 1,009 kg ha -1 (2,400 and 900 lb ac -1 ), respectively, for optimum and overgrazing (Ron Morrow State Grazing Lands Specialist, USDA Natural Resources Conservation Service, personal communication, 2006) . The overgrazing application started on September 30th and lasted for 213 days until April 30th of each year. Typically, optimum grazing comprises of rotating grazing animals through various HRUs such that a minimum biomass is maintained in the field. Given the small size of the watershed, representation of the optimum grazing application was more complex. For this study, and based on information on typical optimal grazing management, it was assumed that within 30 days the cattle should graze through the whole watershed and would stay for approximately four to six days in each pasture HRU (UAEX 2006). For example, pasture HRUs in the first 12 subbasins were scheduled to be grazed on the 1st of the month for five days, and then cattle were moved to the next 12 subbasins on 6th of the same month. Similarly, cattle moved to the rest of the subbasins (any 12 subbasins at the same time) on the 11th, 16th, 21st and 26th, of the month. After 30 days, the cattle went back to the first 12 subbasins again. This approach was similar to grazing operations reported in other watersheds located near the study area (White and Chaubey 2005) . A dry mass daily intake of 10.14 kg ha -1 day -1 (9.02 lb ac -1 day Notes: NG = no grazing. OG = optimum grazing. OVG = over grazing. NA = nonalum poultry litter. A = alum-amended poultry litter.
* These are numbers for various BMP scenarios and have no units associated with them.
The runoff curve number for pasture with continuous forage for grazing was 69, 79, and 84 under fair hydrologic conditions with hydrologic soil groups B, C, and D. The fair hydrologic condition was defined as 50% to 75% ground cover and not heavily grazed (Neitsch et al. 2004) . Although intensive grazing management can possibly result in soil compaction and reduction of infiltration, the change in soil physical characteristics is not simulated in the SWAT model. A minimum plant biomass for grazing (BIO_MIN) was given to prevent a reduction of the plant biomass to a very low level, which will result in increasing erosion in the HRU. The amount of biomass trampled (BMTRMP) is very subjective, which is typically set equal to the amount of biomass consumed (BMEAT). Nutrient fractions of the manure applied during grazing were stored in the fertilizer database in the SWAT model. The manure nutrient loadings are added to the top 10 mm (0.39 in) of soil, which surface runoff interacts with. Therefore, the more intensive the grazing management, the greater the nutrient loadings that would be found in runoff.
Three different widths of buffer strips were modeled: 0, 15, and 30 m (0, 49.2, and 98.4 ft). It was assumed that the buffer strips were located at the end of pasture fields and received runoff from pasture areas. Many studies have used 15 m buffer strips to evaluate the pollutant trapping efficiency (Syverson 1995; Schmitt et al. 1999; AbuZreig et al. 2004 ). Other researchers have recommended riparian buffer zones greater than 30 m for effective subsurface nutrient reduction (Mayer et al. 2005) .
The performance of the edge-of-field filter strip in the SWAT model is based on simple empirical functions of filter width (FILTERW). The filter strip trapping efficiency for sediment, nutrients, and pesticides and the reduction of nutrient loadings transported in surface runoff due to the filter strip are calculated as trap = 0.367(FILTERW) 0.2967 (Neitsch et al. 2004) . Trapping efficiency in the form of an exponential equation indicates greater pollutant reduction in the leading edge of the filter strips, similar to the filter strip efficiency measured in pasture areas (Chaubey et al. 1995; Srivastava et al. 1996) .
Nutrient management scenarios evaluated included poultry litter application rates, litter characteristics, and application timing. DeLaune et al. (2004) ) in fall (October 15th) to support growth of cool season grasses. For all application rates and timings evaluated in this study, two types of poultry litter were selected-normal poultry litter and alumamended litter. Many studies have shown that the alum-amended litter was able to reduce P losses in surface runoff and leaching (Shreve et al. 1995; Moore and Edwards 2007) . Additionally, alum in poultry litter was shown to increase yields due to greater N mineralization and less ammonia emissions from litter Gilmour et al. 2004; Moore and Edwards 2007) . The total number of nutrient management scenarios evaluated was 18 (three nutrient application rates × three application timings × two litter types). No litter application was also added for further comparisons.
The SWAT model assumes that surface runoff interacts with the top 10 mm (0.39 in) of soil. Thus nutrients contained in this surface layer are available for transport to the main channel in surface runoff. Based on the characteristics of the manure simulated in this study, 20% of the litter was applied to the top 10 mm of soil, and the remainder was applied to the 1st soil layer below 10 mm. Based on the nutrient fractions defined in the fertilizer database in the SWAT model, the amounts of nutrient added to the different pools in the soil were calculated.
The combination of BMP factors resulted in 171 different BMP scenarios (table 1) . The land management practices that existed in the watershed in 2004 were regarded as baseline (scenario 172) and were used to compare the effectiveness of selected BMP combinations in reducing NPS pollutants of concern from the watershed. Table 2 shows specific parameters in the SWAT model that were used to simulate these BMP scenarios.
Weather Simulation. Uncertainty in weather conditions was evaluated by generating 250 realizations of the weather conditions and was used to evaluate performance of various BMP scenarios listed in table 1. The weather data were generated using WXGEN (Sharpley and Williams 1990) and were based on the historical daily weather data at the Fayetteville gauging station from January 1, 1990, to April 1, 2003. The input weather data were generated for 28 years (2001 to 2028) , where the first three years were used as the model warm up years, and the remaining 25 years were used to evaluate BMP performance. Weather data used to quantify Table 2 The variables that were entered in the management files for best management practice scenarios in the Soil and Water Assessment Tool model.
Variable name Definition
Grazing and pasture management the impact of weather conditions on BMP performance were the same for all 171 BMP scenarios and the baseline scenario. High Throughput Computing with Condor. Since there were 250 weather realizations for each BMP scenario, a total of 43,000 SWAT runs were needed for 172 different management scenarios evaluated in this study. One single run of the SWAT model took 8 to 10 minutes to run on the Linux platform for this watershed and thus required at least 5,700 CPU hours to complete the 43,000 model runs. In order to make the run more efficiently, a high throughput computing system, Condor, was used to facilitate the BMP scenario runs.
Condor, a high throughput computing system for computing-intensive jobs, was developed by the University of Wisconsin (Condor Team 2007) . The job-queuing mechanism allows users to submit their jobs to Condor and check job progress any time. Once the jobs are submitted, Condor distributes them onto different computer clusters and gathers the completed outputs back to the users. Condor operates on either one of two primary modes (universes): Standard universe and Vanilla universe. In the Standard universe, checking points are made to allow process migration when the running process has to stop, and the program can be resumed from the checking point. However, this universe requires a link between the executable and the appropriate Condor library. It may not be suitable for use with all programs. The Vanilla universe allows the user to run jobs with or without checking points. Usually, the input files are copied to the Condor pool, Condor executes the programs, and then transfers the output files back to the user's working directory on the host computer. Also, there is no license restriction in the Vanilla universe. Thus, a Vanilla universe was used to complete SWAT runs.
The Condor Cluster of TeraGrid (TeraGrid 2008), funded by the National Science Foundation, was used to complete all 43,000 SWAT runs for this study. The SWAT runs on the TeraGrid Condor system shortened the run time to less than 30 seconds for each model run. More details about high throughput computing of the SWAT model using Condor are reported by Gitau et al. (n.d.) .
Statistics Analysis (Analysis of Variance). A five-way Analysis of Variance (ANOVA) model was applied to quantify the impacts of multiple factors on total N and TP losses using the General Linear Models procedure in Statistical Analysis Systems (SAS Institute 2007). All variables were log-transformed to meet the normality requirement of ANOVA, and a significance level α = 0.01 was used. ). A similar trend was observed for total N, TP, and sediment where pollutant losses were relatively higher from November to May. The monthly predicted flow by the SWAT model followed the trend of the measured flow. The predicted and measured means of sediment and nutrient losses were similar for all months (p > 0.05), except the predicted mean sediment from October to November and the predicted mean nitrogen from November to December were smaller than the measured mean nitrogen, indicating that the model simulated the watershed responses satisfactorily for these parameters. Harmel and Smith (2007) and Harmel et al. (2006) have argued that measured flow and water quality data from watersheds have inherent uncertainties present, and these measurement uncertainties must be considered when evaluating the watershed models. For a typical monitoring, probable error in measurement can range from 6% to 42% for flow, from 4% to 47% for dissolved nutrients, and from 4% to 50% for sediment, total N, and TP (Harmel et al. 2006 ). Harmel et al. (2006) suggested that the goal of watershed modeling should not be to match the measured data with as low a deviation as possible; rather the model outputs should be expected to fall within the uncertainties inhered in the measured data. Given the statistical similarity between measured and predicted monthly flow and water quality data from 1996 to 2007 and inherent measurement uncertainty, the SWAT simulated watershed response can be considered to satisfactorily simulate actual hydrologic and water quality conditions of the study watershed.
Results and Discussion
A large variability within both measured and predicted flow and water quality data from 1996 to 2007 due to variability in the weather data and land management practices can be seen for all months. The coefficient of variability in measured flow, total N, TP, and sediment ranged from 0.5 to 2.32, 0.41 to 2.38, 1.07 to 2.5, and 1.5 to 2.79, respectively. Similarly, the coefficient of variability for simulated flow, total N, TP, and sediment ranged from 0.23 to 1.1, 0.24 to 1.3, 0.45 to 2, and 0.53 to 1.77, respectively. Monthly measured and simulated flow, total sediment, total nitrogen, and total phosphorus losses from the Upper Moores Creek. Vertical lines for each month represent range of data. Solid boxes denote the 1st and 3rd quartiles for different measured monthly data, and transparent boxes denote the 1st and 3rd quartiles for the Soil and Water Assessment Tool simulations. The whiskers denote the maximum and minimum of the measured and simulated data. not shown since none of the BMPs evaluated were targeted specifically to affect flow in the watershed. It should be noted that the values shown in these tables are the median values from 250 different weather realizations and can be considered as the average watershed response under these BMP scenarios. A negative value in these tables indicates that the BMP reduced the pollutant losses compared to the baseline condition; whereas, a positive value indicates that the BMP results in increased losses of pollutants. Overgrazing resulted in increased losses of total N from the watershed for all litter application rates, application timings, and buffer widths (table  3) . Generally, total N losses increased with grazing intensity and litter application rates. Minimum reductions in total N losses were predicted for litter applications in fall for all application rates. However, poultry litter application in spring resulted in the greatest reduction of total N losses for all application Notes: NG = no grazing. OG = optimum grazing. OVG = over grazing. NA = nonalum poultry litter. A = alum-amended poultry litter. The percent reduction was calculated as the median of each of 171 BMP scenarios minus the median of the baseline scenario and was then divided by the median of the baseline scenario.
Performance of Best Management Practices in Reducing Pollutant
rates. Buffer strips located below the pasture areas decreased total N losses significantly. In general, 30 m (98.4 ft) buffer strips were more effective in reducing total N losses compared to 15 m (49.2 ft) buffer strips. Table 4 shows the percent reduction/ increase in mineral P losses from the watershed under 171 BMPs scenarios evaluated in this study. For no grazing and optimum grazing conditions, the mineral P reductions ranged from 9% to 71% from the watershed. Overgrazing resulted in increased losses of mineral P for all litter application rates, timings, and chemical amendments when no buffer strips were present in the watershed. The mineral P losses increased up to 40% for overgrazed conditions. In general, both 15 and 30 m (49.2, and 98.4 ft) buffer strips decreased the losses of mineral P from the watershed, ranging from 51% to 71%. For all litter application rates and application timings, slightly smaller losses of mineral P were predicted for litter amended with alum, primarily because alum-amended litter reduced the soluble P losses from the pasture area. Moore et al. (2007) have reported that poultry litter amended with alum reduces availability of soluble P, thus reducing the runoff losses from pasture areas.
A similar trend in BMP effectiveness in reducing the losses of TP from the watershed was predicted by the SWAT model (table  5) . Similar to total N and mineral P losses, increased grazing intensity and litter application rates resulted in increased losses of TP from the pasture areas. Similarly, reductions in TP losses were very similar for spring and summer applications but were significantly greater than TP reductions when poultry litter was applied in fall (p < 0.1). Similar to TN losses, overgrazing resulted in increased losses of TP from pasture areas for overgrazed conditions, compared to baseline, when no filter strips were present below the pasture areas. Notes: NG = no grazing. OG = optimum grazing. OVG = over grazing. NA = nonalum poultry litter. A = alum-amended poultry litter. The percent reduction was calculated as the median of each of 171 BMP scenarios minus the median of the baseline scenario and was then divided by the median of the baseline scenario.
However, both 15 and 30 m (49.2, and 98.4 ft) buffer strips reduced the TP losses significantly from the pasture areas. The SWAT model predicted that 30 m buffers would reduce TP losses by 66% from the watershed. Chaubey et al. (1995) , based on simulated rainfall studies in Arkansas, have reported that 21 m (69 ft) buffer strips reduced TP losses by 92%.
Interactions of Best Management Practices in Reducing Pollutant Losses.
One of the goals of the CEAP program is to evaluate how various BMPs, when implemented together, interact synergistically or counteractively. Interactions among all 171 BMP scenarios were evaluated using a five-way ANOVA to quantify the impacts of five factors (litter application rate, litter characteristics, litter application timing, grazing management, and buffer management) on total N and TP losses. The predicted losses of nutrients for each BMP scenario were log-transformed to meet the normality requirements of the ANOVA. The coefficient of determination (r 2 ) values of each ANOVA model were significant (p < 0.0001) with corresponding values of 0.65 and 0.97 for total N and TP, respectively. Figure 3 shows the interaction effects of litter rates, characteristics, application timings, grazing management, and buffer management on total N, and TP losses. The dashed lines were the simulation results of BMP scenarios with no nutrient management. Overall, total N and TP losses increased as the litter amount increased. Fall litter application resulted in the greatest TN losses (figure 3a). The influence of fall litter application was emphasized along with overgrazing management. When compared with the BMP scenarios with no buffer strips, overgrazing resulted in significantly greater total N and TP losses (p < 0.1). The timing of litter application significantly affected total N losses, with the greatest amount of total N losses associated with the litter application in fall (p < 0.1). However, the timing of the litter application has relatively minor impacts on TP losses. Total phosphorus losses were similar for spring and summer litter application for both optimum and overgrazing conditions.
The impacts of litter amount, timing of application, and grazing intensity on nutrient losses became less distinguishable when buffer strips were installed below pasture areas. Both 15 and 30 m (49.2, and 98.4 ft) buffer strips significantly reduced the losses of total N and TP. Nutrient losses generally decreased with an increase in buffer width and a decrease in grazing intensity. Table 6 shows the top 10 individual or combinations of BMPs that could be applied in the watershed to reduce losses of nutrients from pasture areas. Buffer strips were the most important BMPs affecting the losses of TP from the pasture areas where it accounted for 99% of total reduction efficiency, while litter Table 5 Percent difference in total phosphorus from the watershed under 171 best management practice (BMP) scenarios compared to the baseline scenario. Negative values indicate that the BMP reduced total phosphorus losses compared to the baseline condition; whereas, positive values indicate that the BMP results in increased losses of total phosphorus. Notes: NG = no grazing. OG = optimum grazing. OVG = over grazing. NA = nonalum poultry litter. A = alum-amended poultry litter. The percent reduction was calculated as the median of each of 171 BMP scenarios minus the median of the baseline scenario and was then divided by the median of the baseline scenario.
application timing, buffer strips, and grazing management were the three most important BMPs affecting the losses of total N where they accounted for 29%, 28%, 28% of total reduction efficiency, respectively. Other individual BMPs affecting the losses of total N included the amount applied and whether or not a chemical amendment was added to the poultry litter. The interaction between the timing of litter application and buffer strips was the most important factor affecting total N losses. Similarly, TP transport was most affected by interactions between filter strips and grazing management. Uncertainty in Best Management Practice Performance due to Weather Uncertainty. Variability in weather data, such as precipitation and temperature, can strongly affect predicted performance of BMPs (Garbrecht 2008; Garbrecht et al. 2006) . We quantified the uncertainty due to variability in weather conditions by considering 250 possible realizations of weather data for a 25-year simulation period. This approach is similar to the Monte Carlo estimate of model uncertainty, where many possible values of a parameter are drawn from a sample space (Migliaccio and Chaubey 2008) . Figure 4 Table 6 Top 10 important best management practices (BMPs) and combinations of BMPs for analysis of variance (ANOVA) models of total nitrogen and total phosphorus.
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Figure 3
The interaction effects of litter rate, litter characteristics, litter application timing, grazing and buffer management on (a) total nitrogen (kg ha shows a comparison of the historical measured and simulated precipitation, minimum temperature, and maximum temperature for each month for the watershed. The simulated minimum and maximum temperature closely followed the trend of measured data for each month (p > 0.05). The means of the simulated precipitation for months April through August and October were similar to the means of the measured precipitation (p > 0.05), while the means of simulated precipitation for other months were significantly lower than the measured precipitation (p < 0.05). However, a greater variability in the simulated weather data was seen compared to the measured data. This was expected due to differences in the weather record for measured and simulated data. Measured data were for 13 years from 1990 to 2002, whereas the simulated data represented 25 years (2004 to 2028). As the simulation period increased, variability in the weather conditions can be expected to increase. ) for TP, respectively. A large variability in baseline estimates indicates that even if no changes are made in the watershed, pollutant losses will vary considerably depending upon the weather conditions. These results are similar to the data presented by Garbrecht et al. (2006) for a CEAP watershed in Oklahoma for which the authors showed that 33% variability in rainfall can result in 100% variability in runoff and 183% variability in sediment transport. A comparison of the pollutant losses under various BMPs scenarios suggests that many of the individual and combinations of BMPs will reduce the pollutant losses from the watershed compared to the current conditions. This presents multiple options for watershed managers and farmers to consider for reducing losses of N and P from the watershed. However, when the uncertainty in the weather conditions are considered, 3rd quartile and 90th percentile values exceed the baseline median values for many of these BMPs (for example see BMP scenarios 1 to 57), indicating that during certain weather conditions, the pollutant loads may exceed the baseline values, suggesting that the BMPs would not work in the watershed.
Figure 4
Comparison of monthly measured (1990 to 2002) and simulated (2004 to 2028) precipitation and minimum and maximum temperature data used in best management practice performance analyses of Soil and Water Assessment Tool model. Solid boxes denote the 1st and 3rd quartiles for 13 different measured monthly data, and transparent boxes denote the 1st and 3rd quartiles for 6,250 different monthly realizations (25 years × 250 weather realizations) used to quantify stochasticity in weather data. Whiskers for each month represent the 10th and 90th percentiles of the data, and the dots represent the outliers. Solid lines denote the mean of the measured monthly data, and dashed lines denote the mean of simulated monthly data. 
Scenario
A comparison of variability in pollutant losses for overgrazed conditions (scenarios 39 to 57 in figure 5) indicates that pollutant losses exceeded the baseline values for most of the weather events. The 90th percentile values for these scenarios were much greater than the 90th percentile values obtained for the baseline conditions. When all BMP scenarios were compared with the baseline scenario for each simulated weather condition, weather induced variation in the performance of BMPs in reducing total N losses ranged from -2.33 to 0.59 kg ha ) and from -2.14 to 1.99 kg ha -1 (-1.90 to 1.77 lb ac -1 ) for no grazing, optimum grazing, and overgrazing management, respectively. Similarly, weatherinduced variation in the performance of BMPs in reducing mineral P and TP losses for overgrazing management ranged from -0.46 to 0.31 kg ha -1 (-0.41 to 0.28 lb ac ), respectively. These results indicate that overgrazing of pasture areas should be avoided in order to see any improvement in the water quality in this watershed.
Filter strips were generally effective in reducing losses of total N, mineral P, and TP even under uncertain weather conditions. The weather-induced variation in the performance of filter strips greater than 15 m (49.2 ft) resulted in a reduction of mineral and TP ranging from 0.07 to 0.46 kg ha ) for all nutrient management and grazing management due to weather variability.
Often the success of BMPs is evaluated using monitoring data collected during the post-BMP implementation period. It is generally expected that pollutant loads will decrease compared to the pre-implementation period for BMPs to be deemed effective. The results from this study indicated that the effectiveness of BMPs can vary significantly due to weather uncertainty. Extreme weather events observed during postimplementation years can considerably increase or decrease BMP effectiveness compared to the baseline conditions. The effectiveness of conservation practices for a dry period will have a different effectiveness value than the assessment for a wet period, which has greater runoff, soil erosion, and transport (Garbrecht et al. 2006) . The dynamic climate can lead to different effectiveness values for the same conservation practices.
Summary and Conclusions
The objectives of this study were to (1) evaluate the effectiveness of 171 different BMP scenarios in reducing losses of total N, mineral P, and TP from a pasture watershed; (2) quantify interactions among BMPs in reduc-
